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high?resolution?optical? imaging?of? fluorescence?proteins.?After?major?difficulties?with? the?stability?of?stretched?DNA?molecules? in?












my?questions,? it?was?a?great?help?all?along?my?PhD),?Rachel?Grange? (thank?you? for?giving?me? the?opportunity? to?discover?Optics?
Laboratory?during?my?Master?project?and?giving?the?first?insight?about?Swiss?culture),?Chia?Lung?Hsieh?(thank?you?for?his?disponibil?
ity?and?advises?in?nonlinear?optics),?Salma?Fahari?(thanks?for?her?advises?and?cheerfullness),?Laurent?Decloux?(thank?you?for?his?help?









fesseur?D.?Psaltis.?Je?souhaiterais? lui?exprimer? ici?toute?ma?gratitude?pour?m’avoir?donné? l’opportunité?de?travailler?dans?un?envi?







rescentes?pour? l’analyse?des? interactions?ADN?protéines.?Suite?à?des?difficultés?majeures?de?stabilité?des?brins?d’ADN?dans? les?ca?
naux?micro?fluidiques,?je?me?suis?tourné?vers?l’amélioration?des?méthodes?d’imagerie.?Je?tiens?néanmoins?à?remercier?tout?particu?
lièrement? le?Prof.?B.?Deplancke.?Il?était?à? l’origine?de?ce?projet,?m’a?ouvert?son? laboratoire?et?permis?de?découvrir? les?bases?de? la?
recherche?en?génétique.?Même?dans?les?temps?difficiles,?il?m’a?supporté,?encouragé?et?laissé?libre?de?faire?au?mieux?pour?le?succès?





tribution? scientifique? aux? travaux? que? nous? avons? publiés? ensemble.? J’ai? passé? avec? eux? ainsi? qu’avec? Yannis? Papadopoulos? et?




























tion?microscope.?Then,?we? implemented?a?STED?microscope? in?our? lab?and?compared? the?properties?of?NVN?and?NV?centers? for?
STED? imaging.?We? conclude? that?even? if?nanodiamonds?with?NVN?defects?are? less? intense,? they? can?be?used?as?a? second? color?
nonbleaching?biomarker.?To? illustrate?the?potential?use?of?green?nanodiamonds?as?bio?compatible?probe,?we?superresolved?them?
internalized?into?a?cell?with?STED?microscopy.?
Second,?we?tried?to?work?on?one?of?the?main? limitation? in?STED?nanoscopy:?the? lack?of? information? in?the?axial?direction?within?a?
single? scan.?We?combined?our?home?made?STED?microscope?with?a?Double?Helix?phase?mask? that?modifies? the?detection?point?
spread?function? in?order?to?obtain?axial? localization?of?the?superresolved?emitters.?We?achieved?three?dimensional? localization?of?
nanometric?fluorescent?emitters?but?we?note?that?photobleaching?was?the?main?limitation?of?this?approach?with?organic?dyes.?We?
discussed?different?solutions?to?limit?the?photobleaching?and?their?feasibility.??
We?also?worked?on?a?different?superresolution? technique? that?we?named?Computational?Nonlinear?Saturated? (CNS)?microscopy.?
We?showed?that?with?digital?post? treatment?of? the?acquired?data,?a?nonlinear?photoresponse?can?be?harnessed? to?any?scanning?
microscope?equipped?with?a?camera?detector?to?enhance?the?resolution.?We?demonstrated?that? increasing?the?excitation?power?
and?inducing?fluorescence?saturation,?it?is?possible?to?break?the?diffraction?limit?in?a?conventional?confocal?microscope?(after?data?
post?treatment).?However,?with? this?method,?we?did?not?obtain?a?gain? in? resolution?as?high?as?with?other?superresolution? tech?

































gain?en?résolution.?Ainsi,? la?simple?augmentation?de? l'intensité?d'excitation?dans?un?microscope?confocal,?entrainant? la?saturation?
de? la?fluorescence?réémise,?permet?d'obtenir?des? images?super?résolues?(après?traitement?des?données).?Cependant,? les?gains?en?
résolution?obtenus?expérimentalement?sont?limités?comparés?par?exemple?à?la?microscopie?à?illumination?structurée?utilisant?éga?
lement? la? saturation? comme?phénomène?non?linéaire.?Pour?déterminer? les? causes?de? cette?observation,?nous?avons?mené?une?
analyse?de?l'influence?du?bruit?sur?la?résolution?obtenu?et?montré?en?quoi?elle?était?inférieure?aux?techniques?d'imagerie?en?champs?





nous? présentons? l'amélioration? de? la? résolution? par?modulation? temporel? du? faisceau? d'excitation.?D'autre? part,? nous? rendons?










































































































































































































































































the?diffraction? limit?has?been? surpassed? in?optical?microscopy.?Thanks? to? superresolution? fluorescence?microscopy,?current? light?
microscopes?allow?for?the?dynamic?observation?of?relatively?large?structures?like?cells?assemblies?with?the?visualization?of?molecular?
organization?at? the?nanoscale.?Thus,? superresolution?microscopy? is?an?active? research? field? that? is?growing?because?optical,?na?
nometer?resolution? imaging? is?providing? important? insights?about?various?biological?systems?and?will? lead? in?the?future?to?further?
major?advances.?
On?the?advantages?of?far?field?optical?superresolution?microscopy.?
When?confronted?with? the? theoretical? limit? imposed?by?diffraction,? researchers? first?opted? for? the?obvious? solution.? In?order? to?
improve?the?resolution,?the?wavelength?was?decreased,?and?visible?light?was?ultimately?replaced?by?an?electron?beam?to?probe?the?



























pattern?size?of? the?excitation? light? is? limited?by?diffraction,? further? resolution? improvement?must?come? from? the? interaction?be?
tween?the? light?and?the?sample.? In?consequence?most?of?these?methods?use? fluorescent? labelling?and? improve?the?resolution?by?
modifying?the?fluorescence?emission.?For? instance,?STED?drives?the?fluorophores?to?their?ground?state?by?stimulated?emission?ex?
cept?at?a?central?point,?thus?confining?the?observation?volume?to?a?subdiffraction?sized?voxel.?PALM?and?STORM?are?based?on?the?






standing?of? intra?cellular?structures,? in?mitochondria? ,?the?nucleus?or?organelles?[10].?They?have?confirmed?previous?observations?
made?with?electronic?microscopy?and?have?revealed?new?information?thanks?to?the?specificity?of?fluorescent?labeling?and?the?ability?
to? image? live? cells.?The?distribution?and?dynamics?of? synaptic?proteins?have?also?been?widely? studied?providing? insight? into? the?
organization?of?proteins?in?the?presynaptic?zone?and?around?the?dendritic?spines?[10,11].?Another?prominent?example?of?superreso?
















The?existing?methods?are?complementary?as?each?offers?advantages?and?disadvantages.?However,? further? improvements? to? the?
nanoscopy?methods?are?yet?to?come.?The?resolution?needs?to?be?improved?beyond?the?current?performance?(20?to?40nm?in?biologi?
cal?samples).?The?discrepancy?between?lateral?and?axial?resolution?should?be?reduced?for?isotropic?three?dimensional?imaging.?Also,?





























The? technique?does? not?provide? axial? resolution? improvement? as? has? been? demonstrated?with? three? dimensional? STED?[15]? or?
PALM?[9].?However,?this?method?is?well?suited?for?cases?where?a?sample?is?resolved?with?lateral?STED?and?confocal?sectioning.?The?
high? resolution? three?dimensional? images?are?obtained?by?post?processing?after?a? single? lateral? scan?acquisition.?Thus,? in?axially?















of?the?contrast?by?two?photon?excitation?[19].?However,? like? linear?SIM?all?those?studies?remained? limited?to?an?enhancement? in?
resolution?by?a?factor?2,?while?saturated?SIM?has?been?demonstrated?to?reach?much?higher?resolution?improvement?[28].?In?Chap?
ter?4,?we?show?how? it? is?possible? to?harness? the?saturated?SIM?principle? in?confocal?microscopy?by?using?a?different?post? treat?
ment?[32].?We?demonstrate? resolution?enhancement?above?a? factor?of? two?obtained?by?only?post?processing?a? scanning? image?
acquired?with?a?camera?detector.?We?also? investigate?the?theoretical?resolution? limit?with?this?method?and?whether?a?resolution?
improvement?comparable?to?saturated?SIM?can?be?obtained.?
In?Chapter?5?we?present? the?use?of? fluorescence? saturation? for?ultrathin?endoscopy? imaging.? Indeed,?optical? resolution? imaging?
deep?inside?scattering?media?(especially?biological?tissues?for?medical?investigations)?is?still?a?major?challenge.?Scattering?distortions?
and? out? of? focus? fluorescence? complicates?microscopic? imaging,? especially? superresolution? imaging.? Recent? progress? has? been?











Hence,?each?of? the?methods? I? investigated? realizes?of?a? specific?advantage? in? term?of? speed,?precision?or? imaging?depth.?These?
methods?are?our?contribution? to? the?quest? for?a? live,? inexpensive?and?versatile?optical? imaging?method?at? the?nanometer?scale,?
before?new?breakthroughs,?perhaps?from?novel?concept?like?quantum?imaging?[36,37]?or?plasmonic?imaging?[38–40].??
?5?
? ?????????? ????????????? ?????????
??????????? ????? ?????????????? ??????? ????
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In? this?chapter,?after? introducing?a? few?basic?optical?microscopy? fundamental?concepts,?we?describe?how?nonlinear?scanning?mi?




for?depletion.?The?maximum?resolution?was?measured?with?Nitrogen?Vacancy? (NV)?FNDs?to?be?about?50?nm,?which? is? typical? for?
CW?STED?with? the? level?of?power?used.?Currently,? STED? imaging? is? the? reference? technique? for? superresolution? in? fluorescence?
scanning?microscopy,?so?this?study?provides?a?point?of?comparison?for?the?different?studies?described?in?this?thesis.?Moreover,?we?
demonstrated?for?the?first?time?the?use?of?Nitrogen?Vacancy?Nitrogen?(NVN)?defect?in?diamond?that?emits?green?fluorescence?with?
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? ? ? Equation?2?1?
?
The?convolution?by? the?PSF?blurs? the?object.?Therefore,?a?sharper?PSF? (minimal?spread)?provides?an? image?closer? to? the?object.?
There?are?different? types?of?microscopes?with?different? imaging?modalities.?The? idea?of?scanning?microscopy? is? to? illuminate? the?
sample?by?a?focused?spot?of?light?and?to?detect?its?response?to?light?excitation?(e.g.?fluorescence?or?backscattering).?By?moving?the?
focused?spot?at?different?points?on?the?sample?and?recording?the?signal,?an? image? is?created.?The?spatial?resolution?of?the? image?
depends?on?the?size?of?the?probe?that? is?used?to?scan?the?object.?For?example,? in?atomic?force?microscopy?the?object? is?scanned?
with?a? tip.?A? thinner? tip?provides?higher? resolution.?Similarly,? in? far? field?optical?microscopy,?high? resolution?can?be?obtained?by?
using?a?narrow?illumination?spot.?The?purpose?of?the?STED?method?is?to?reduce?the?size?of?the?probe?beam?below?the?classical?dif?
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given?by?Equation?2?2? is? just?a?scaled?version?of?the?Airy? formula?that?results? from?diffraction?by?a?circular?aperture.?So,?the?Full?
Width?Half?Maximum?(FWHM)?and?the?position?first?lateral?node?(r0)?are?given?by:??
? ??? ? ?? ?? ? ? ?? ? ??r F W H MN A N A
















transmitted?by?the?system?are?more?and?more?attenuated?up?to?the?cut?off?frequency?(fc).?Above?fc?no? information? is?transmitted.?(c)?The?OTF? in?
logarithmic?scale?allows?us?to?visualize?the?cut?off?frequency.?Outside?of?the?blue?circle,?the?optical?system?does?not?transmit?the?spatial?frequencies?
it?is?the?absolute?resolution?limit.?However,?close?to?the?cut?off?the?OTF?amplitude?values?are?low:?the?green?circle?indicates?the?spatial?frequency?
that?corresponds? to? the? resolution? limit?according? to? the?Rayleigh?criterion???? ? ????? ????



























2?3(h)).?Physically,? this?case?corresponds? to?a? two?photon?microscope? in?which? the?sample? is?excited?when? two?photons?are?ab?
sorbed? together,?so? the? fluorescence?emission? is?proportional? to? the?excitation? intensity?squared.? In?a?more?general?case,? if? the?
























long?time? in?microscopy? instrumentation?[43].?Nevertheless,?even? if? it? is?hidden? in?the?PSF? lobes,?higher?resolution? information? is?
still?present?and?can?be?extracted.?As?proposed?in?[44],?one?way?is?to?use?a?vortex?beam?with?a?donut?shape.?The?saturation?then?
reduces?the?size?of?the?central?node?(the?potential?resolution?gain?can?be?visualize?with?the?narrowing?of?this?donut?valley,?Figure?






Figure?2?4?Breaking? the?diffraction? limit? in?nonlinear?scanning?microscopy:?a?single?beam?experimental?demonstration.? (a)?Linear? (low?excitation?
power)?image?of?10nm?fluorescent?particles?immobilized?on?a?glass?slide.?(b)?Saturated?(high?excitation?power???10mW,?focused?with?a?1.4NA?objec?









tradiction.? Indeed,?SIM?methods?all?use? two?different? imaging?systems,?one? for? illumination?and?one? for? the?detection.?Both? the?





















Figure?2?5?Principle?of?STED?microscopy.? ? (adapted?from? ?[56])First?row:?2D?map?of?the?two?beams?needed:?one?focused?beam?for?the?excitation?
(green)?and?one?donut?shaped? focus?beam? for?the?depletion? (red).?Second?row:? Intensity?profile?of?the?depletion?beam.?The?horizontal?blue? line?
indicates?the?value?of?the?saturation?intensity?(IS).?The?saturation?intensity?is?the?threshold?intensity?value?above?which?more?than?half?of?the?fluo?
rescence?is?depleted.?Third?row:?the?resulting?equivalent?excitation?intensity?profile?for?STED?imaging.?All?the?rows,?from?left?to?right?the?depletion?
beam?power? increases.? In?a? rough?approximation? (approximating? the?excitation?beam? to?a?plane?wave?and?applying? the?Equation?2?14,?details?











We?explained? in? the?previous?section? that,? in? imaging?methods?not? limited?by?diffraction,? the? improvement? in?resolution? results?
from?a?nonlinear?photoresponse.?In?the?case?of?STED?microscopy,?the?fluorescence?is?depleted?by?stimulated?emission?and?at?high?
intensity?the? inhibition?of?the?fluorescence?saturates?and?depends?nonlinearly?on?the?depletion? intensity.?We?derive?here?the?ex?
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time.?Equation?2?9? indicates?that?the?fluorescence?rate? is?depending?nonlinearly?on?the?depletion? intensity.?As?the?relation? is?not?
polynomial,?it?can?be?expressed?as?an?infinite?Taylor?series?and?it?has?the?potential?for?unlimited?improvement?in?resolution.???
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depends?on?the? intensity?of?the?depletion?beam?and?the?original?width?of?the? linear?excitation?beam.?We?can?see?that? Isat?corre?
sponds?to?the?value?to?obtain?a??2?gain?in?resolution.?We?can?also?see?that?with?an?infinite?depletion?intensity?the?resolution?tends?
to?zero.? ?With?careful? implementation?up?to?6nm?FWHM?(with?pulsed? laser,? ?[26])?has?been?demonstrated?with?STED?nanoscopy.?
However,?as?we?detail?in?the?section?2.4,?to?avoid?too?much?experimental?imperfections,?it?needs?some?technical?refinement.??
?????? ????????????????????????????????????????? ?????????????????????????????????????
One?of? the?major? limitations?of?nonlinear?microscopy? techniques?based?on? the? saturation?of?a? fluorescence? transition? is? that? it?















Some?of? those?defects? called? color? center?are? fluorescent.?As? they?are?protected? from? their?environment?by? the? solid?diamond?
matrix,?they?emit?a?perfectly?photostable?luminescence,?free?from?blinking?or?bleaching?behavior.?The?nitrogen?vacancy?(NV)?defect?
has?been?widely?studied,?and?artificially?generated?inside?nanodiamonds?by?protons?beam?irradiation??[25].?The?NV?center?is?com?




the? range?of?possible?applications:?single?NV?centers?have?been?used?as?single?photon?source? ?[63]?but?also? to?demonstrate? the?
highest?resolution?(below?10?nm)?in?STED?microscopy?[26].?The?absence?of?photobleaching?also?opens?the?door?for?different?evolu?









































The?excitation?beam? is?also?spatially? filtered?and?expanded?to?overfill?the?objective?back?aperture.?The?collimation? is?adjusted?to?














Before?performing?STED? images,?we?measure? the?non?linear?dependence?of? the?depleted?population?of? the?excited?molecule?on?
STED? laser?beam? intensity.?To?make?sure? that?we?are?able? to?achieve?complete?suppression?of? the? fluorescence,?we?remove? the?
vortex?phase?plate?and?we?place?a?single?rFND?under?the?co?aligned?focused?excitation?and?depletion?beams.??
?
Figure?2?11?Luminescence? inhibition?of?NV?center?by?stimulated?emission.One?rND? is?excited?with?a? low?power?beam? (532nm)?and?the?depletion?
beam?(770?nm)?with?the?same?shape?is?superimposed.?The?fluorescence?signal?remaining?in?function?another?NV.?The?curve?is?an?average?over?18?
NDs.?To?determine?the?saturation?depletion?intensity?(Isat)?the?curve?is?fitted?with?Equation?2?15,?and?Isat?is?found?to?be?1.87?mW.?















Where? ?fluoI is?the?fluorescence?signal?with?no?depletion?beam.? It?can?be?observed? in?Figure?2?11?that?the?fluorescence?signal?gets?







edged? transition?and? improve? the?microscope? resolution?we?now?need? to?shape? the?beam.? ?To?obtain? fine? resolution?with?STED?
microscopy?we?generate?a?deep?intensity?valley?around?the?excitation?focus:?the?steeper?is?the?node?the?higher?will?be?the?resolu?






































At?moderate?depletion?beam? intensity,? ??? ???STED STED sI I I? ? ? ?and ???STED sI I? so? the?resolution? is? improved?when? the?depletion?
beam?intensity?is?increased.?But,?in?the?limit?of?high?depletion?beam?intensity,?the?resolution?saturates?at?a?minimum?value:?





ly?visible.?Already? for? ??=?0.02? the? fluorescence?signal? is?quenched?by?2? (This?value?depends?of?saturation? level?of? the?depletion?
process,? it? is?obviously?more? sensitive? for?high?depletion?power.?We? took?here ??? ??STED SI I? ).?Even? if? the? theoretical? impact?on?
resolution?is?limited,?experimentally,?it?greatly?limits?the?available?SNR?and?so?the?image?quality?and?the?achievable?resolution.??
?





a?nanometric?gold?particle? (80?nm)? that?acts? like?a?point?object.? In?order? to?avoid?strong? reflection?at? the?air?glass? interface?we?
immobilized? the?bead?on?a?glass?coverslip?surface? treated?with?poly?L?lysine?and?we?embedded? them? in? immersion?oil?[73].?The?


































ty? in? the? focal?plane,?high?NA?objectives?are?used.? In? consequence,? the?paraxial?approximation?does?not?apply?and?polarization?
effects?affect?the? focused? intensity?profile.? Indeed,? if?a? linearly?polarized?with?a?0?2??vortex?phase?profile?beam? is? focused? (inset?






circular?polarization?of? the?depletion?beam?minimizes?also?photo?selection?effects? (influence?of?molecular?orientation)? that? can?
















long?dwell? time? (?5ms)? to?get?a? large?signal? to?noise? ratio? (i.e.?good? fitting?curves).?Figure?2?15(a)?shows?a?scanning? fluorescent?
image?of?four?isolated?nanocrystals.?The?intensity?profile?of?the?excitation?PSF?is?fitted?with?a?Gaussian?function?of?200?nm?FWHM?
(Figure?2?15(b)).?The?Figure?2?15(c)?displays?the?image?taken?in?STED?mode.?As?expected,?the?depletion?of?the?fluorescence?around?












To? illustrate?the? improvement? in?the? image?quality?brought?by?the?STED?gain? in?resolution,?we?recorded?successive?conventional?
and?STED?images?(Figure?2?16).?The?STED?imaging?allows?the?separation?of?individual?nanocrystals?that?are?not?visible?in?the?diffrac?
tion?limited?recording.?A?little?halo?of?light?can?be?observed?around?the?crystals,?this?is?characteristic?of?some?residual?fluorescence?
















The?color?centers? in?diamond?are?comparable?to?artificial?atoms?trapped? inside?the?diamond?crystal.? In?this?way,?the? fluorescent?
centers?are?perfectly?isolated?and?protected?from?external?environment.?It?results?in?the?remarkable?property?we?already?empha?
sized?for?NV?centers?in?nanodiamonds:?they?are?exceptionally?photostable?[25].?In?consequence,?all?the?500?different?luminescent?
centers?present? in?diamonds?[77],?emitting? from? the?deep?ultraviolet? to? the? far? infrared? (IR),? are?potential? candidates? for? STED?
microscopy.?However,?to?our?knowledge,?to?date,?only?NV?center?were?subject?to?superresolution?techniques.?The?existence?of?only?
single?color?nonbleaching?centers?limits?the?possible?observations.?For?instance?it?complicates?spatial?correlation?studies?with?STED.?
For?multicolor?biological? imaging,? the?commonly?used?channels?are?blue? (Dapi…),?green? (GFP,?Alexa?488…)?and? red? (Texas?red…)?
staining.? NV? centers? already? provide? red? fluorescence? and? have? been? used? in?many? STED?microscopy? studies.? To? provide? a?
nonbleaching?probe?with?different?color,?we?focus?our?interest?on?another?color?center:?the?NVN?defect?that?produces?green?fluo?
rescence.? In? this?section,?we?characterize? the?photophysical?properties?of? fluorescent?nanodiamonds?containing?NVN?centers? for?
STED?imaging.?By?comparing?with?the?properties?of?the?NV?centers?extensively?studied?in?the?literature?[26,53],?we?show?that?the?































we?don’t?have).?So,?as?suggested? in?[81],?we?used? the? fluorescence?absorption?saturation? to?derive? the?absorption?spectrum.? In?
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The?only?unknown? in?Equation?2?19? is?the?excitation?rate?during?the?pulse,?which?can?be?expressed? in?function?of?the?absorption?



































































?? ? ?? ?
Equation?2?20?
?
where???is?the?wavelength,?E?is?the?fluorescence?intensity?normalized?to?the?quantum?yield?( ? ? ? ?? ?E d? ? ?? ),?c?the?speed?of?light?








nescence?lifetime?(1/?f)?while?the?stimulated?emission?rate?is?equal?to?( ? ?s excI hc? ? )?and?scales?with?the?excitation?intensity.?Un?
der?the?assumption?that?the?excitation?saturation?is?low,?the?depletion?intensity?required?to?switch?off?half?of?luminescence?signal?is
? ?S S fI hc ? ??? ?and?the?depletion?curve?is?described?by?a?function?of?the?form? ? ?? ? sted sI I? ?[89].?The?luminescence?inhibition?
curve?presented?in?Figure?2?21(a)?is?an?average?over?18?measurements,?taken?from?different?individual?nanodiamonds?particles.?As?


































Figure?2?22?STED? imaging?of?green?nanodiamonds.?(a)?Consecutive?confocal?and?continuous?STED? imaging?of?70?nm?sized?nanodiamonds? immobi?
lized?on?a?glass?slide.?The? increase? in?resolution?reveals?details?that?are?blurred? in?the?confocal? image.?The? inset?on?the?first? images? is?the?profile?
along?the?particle?indicated?with?an?arrow.?It?allows?to?estimate?the?gain?in?resolution?given?by?STED?to?be?at?least?70?nm?for?a?particle?bigger?than?












It?makes?cellular? labelling?difficult?and?creates? thicker?structures? that?are?more?difficult? to? resolve?with?STED?microscope? (Figure?





































other? labels? like?quantum?dots?or? fluorescent?proteins? the?color?center?density?of?our?probe? should?be? increased?by?about? two?




fluorescence? lifetime,?gNDs?are?especially?suitable? for?CW?STED? implementation.?The? long? lifetime?also?benefits? from?time?gated?






























tion? beam? power? required?[96].? Photo?switchable? protein? have? also? been? synthesized? and? superresolution? imaging? has? been?
demonstrated?requiring?three?orders?of?magnitude?lower?depletion?intensity?[97,98].??







? ??????? ?????? ?????? ????????????? ???
????? ???????????
We?present?here?a?new?superresolution?technique?that?leads?to?nanometric?localization?of?single?emitters?in?three?dimensions.??This?
novel?method,?that?we?name?double?helix?STED?(DH?STED),?combines?STED?microscopy?for? improvement? in? lateral?resolution?and?

















copy? (blue)?and?STED?3D? (orange).? It?can?be?observed? that?despite? its? improved? resolution,? the?STED?3D? is?use? is?not? increasing?as?much?as? the?
conventional?STED?one.?
On?the?other?hand,?even?though? it? is?possible?to?gain? in?axial?resolution?with?the?addition?of?a?second?depletion?beam? ?[101,102]?
(Figure?3?1?(a)),?the?majority?of?the?published?studies?with?STED?microscopy?have?used? lateral? improvement?only?(Figure?3?1?(b)).?
This?low?use?of?3D?STED?compared?with?the?2D?version?can?be?partially?explained?by?the?implementation?complexity?but?more?likely?









striking?ring?like?actin?organization? in?axons?of?cultured?hippocampal?neurons? ?[95],?but?no? information?was?collected? in?depth?to?
understand? the? structure?better.?As? in? these?examples,? researchers?often?prepare? in?vitro? samples?with?a?well?defined?plane?of?
interest,?consequently? two?dimensional?STED? is?sufficient? to?resolve? the?structure?of? interest.?Although,?precise?axial? localization?
could?bring?additional?information,?it?is?not?used,?because?when?brought?with?axial?resolution?improvement,?it?requires?a?long?3D?
scan.?For?this?reason,?we?created?a?method?that?associates?nanometric?axial?localization?and?lateral?superresolution.?It?results?in?an?
imaging?mode?that?provides?three?dimensional?sample? information? in?a?single? lateral?scan,? i.e.?without?the? limitation?of?three?di?
mensional?scanning:?slow?data?acquisition?and?potentially?phototoxic?effects.??








thesis,? several? noteworthy? developments? in? the? parallelization? of? superresolution? scanning? microscopy? have? been? report?
ed?[97,99,100,108,109].?So,?scanning?methods?based?on?the?use?of?a?camera?detector?(including?the?one?we?present?in?Chapter?3?
and?Chapter?4)?can,?in?theory,?be?directly?parallelized?and?have?the?potential?for?high?frame?rate.???
Hence,? the?use?of?a?camera?detector? in?scanning?microscopy?opens? the?door? for?harnessing?any?wide?field? imaging? technique? to?
scanning?microscopy.?The?next? chapter? (Chapter?4)?explores? the?possibility?of?obtaining?a?high? resolution? in?nonlinear? scanning?
microscopy?with?a?method? typically?used? in?wide? field? imaging:? structured? illumination.? In? the?present? chapter? (Chapter?3),?we?
combine?axial?localization?by?the?use?of?wavefront?engineering,?a?method?used?previously?in?wide?field?microscopy??[110–112],?with?
















Figure?3?2?Principle?of?DH?STED.?The?Figure?3?2? illustrates? the?principle?of? the?method,?while?STED?results? in?a?strong?gain? in? lateral?
resolution?the?collection?path?which?is?usually?not?exploited?in?scanning?fluorescence?microscopy?is?modified?to?achieve?localization.?










There?are?numerous?solutions? to? the?paraxial?wave?equation? (Gaussian,?Bessel…).? In?cylindrical?coordinates? the?set?of?solution? is?
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? ?? ? ?? ? ?
Equation?3?3?
?









??? ? ?(with? 0?the?waist?of?the?Gaussian?beam?at?z=0?and???the?wavelength).??
And?the?total?rotation?(to?far?field)?is:? ?tot V















late? the?wavefront? in? the?Fourier?plane? (pupil?plane)?of? the?microscope? imaging?plane? (pupil?plane,?cf.?Figure?3?5).?The? rotating?
beams?have? the? interesting?property?of?being?Eigen?Fourier? function?[114,115].?So? in?order,? to?obtain? the?desired? rotating?beam?
shape?PSF?the?modulation?to?be?applied,?i.e.?the?transfer?function,?is?the?Gauss?Laguerre?combination?itself.?





been? demonstrated.? For? instance,? the? introduction? of? astigmatism? in? the? detection? PSF? results? in? asymmetrical? variation?with?


















valid?approximation?even?with?high?NA?objective?[119].?The? insertion? in? the?pupil?plane? (Figure?3?5)?of? the?modulation? transfer?
function?H(u,v)?results?in?a?three?dimensional?incoherent?intensity?PSF?[119]:?
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In?contrast?with?the?standard?PSF,?the?DH?PSF?changes? its?orientation?with?defocus?and? leads?to?a?more?precise?axial? localization.?
Intuitively,?this? is?true?because?the?faster?the?PSF?varies? in?one?dimension?the?more?accurate? is?the? localization? in?this?dimension?




























with? a? phase?only? SLM? and? the? transfer? function? efficiency? is? compatible? with? photon?limited? microscopy? observa?







larger? is?the?axial?range?of?operation,?the?more?competitive? is?the?DH?PSF? localization.?For?our?specific?application,?we?are? in?the?
range?where?the?precision?of?different?techniques?are?equivalent?[118].?As?the?idea?is?to?tend?towards?a?larger?depth?of?focus,?(an?



























Figure?3?11?Three?dimensional? localization?of? fluorescent?beads,? immobilized?on?a?two? level?planar?surface.? (a)?Bright? field? image?of?the?metallic?
target,?the?edges?are?represented?with?dashed?blue?lines?and?reported?on?the?other?pictures.?The?target?has?been?created?in?clean?room?by?chemical?
vapour?deposition?and?the?thickness?is?known?to?be?200nm.?(b)?Fluorescence?images?with?non?modified?PSF,?the?depth?difference?is?not?visible.?(c)?
On?the?contrary?with?the?standard?PSF,? in?the? image?taken?with?the?DH?PSF?we?can?see?the?difference? in?orientation?of?the?particle?siting?on?the?
metallic? layer.?(And?the?13°?difference? in?between?the?two?rotational?angles? in?the?two?planes?match?the?200?nm?expectation?as?we?will?detail? in?
section?3.3.2.1).?
?????? ??????????????????????????????????????????????????????????? ??????????













phase?mask?designed? for?650nm?exhibits?minimal?changes? in?the? lobes?shape? (minimal?changes?are?visible?especially? in? the? light?
lines?in?between?the?lobes).?The?main?double?helix?shape?with?two?clearly?identified?lobes?is?still?present?and?can?be?used?for?locali?
zation.?However,?as? illustrated? in?Figure?3?12? (b),?different?wavelengths? result? in?different? rotational? rates?and? could?affect? the?
























ing? the? lobes?positions? (Figure?3?13? (i)).?The? red?curve?of?Figure?3?13? represents? the?simulated?sectioning?performance?with? this?
digital?aperture.? It?can?be?observed?that?with?a?fixed?position,?the?sectioning?performance? is?comparable?to?confocal?microscopy.?
However,? this?does?not?allow? for? tracking? the?position?of? the?DH?lobes?along? the? full?depth?of? field.?An?enlarged?“double?bean”?
shape?aperture?allows?for?the?localization?on?the?full?range?but?results?in?a?larger?optical?section?(green?curve?Figure?3?13).??It?can?be?
noticed?that?if?we?choose?a?different?position?for?the?digital?pinhole,?corresponding?to?a?different?axial?plane?localization?with?the?







Figure? 3?13? Sectioning? ability? of? scanning?microscopes?with?DH? localization.? The? curves? represent? the? fluorescence? intensity? detected? through?
different?type?of?confocal?pinholes?(red?circles?in?the?images)?as?a?fluorescent?plane?as?it?is?scanned?axially?through?the?excitation?focus.?Blue?curve:?
Characteristic?profile?obtained?with?a?normal?PSF?and?a?one?Airy?unit?pinhole?(image?(i))??[126].?Red?Curve:?The?profile?obtained?with?a?DH?PSF?and?a?





























Gaussian?fitting?[111],?however?the?accuracy?gain? is? limited?(about?10%)?and?the?method? is? less?robust?to?aberration?(the?perfor?
mance?drops?if?the?PSF?is?not?well?symmetric).?
Axial? localization? is?calibrated?by?recording?wide? field? images?of?a?single?FND? immobilized?on?a?glass?slide?at?different?depths.?As?
illustrated?in?Figure?3?15,?the?rotation?angle?of?the?lobes?is?recorded?for?each?depth?position.?The?calibration?curve?indicates?a?rota?
tion?of?about??40°?in?the?range??500nm,?which?is?in?good?agreement?with?the?theoretical?prediction?(cf.?Figure?3?7).?The?measure?
ment? precision? depends? on? the? localization? repeatability? from? the? lobes,? which? is? dependent? on? the? signal? to? noise? ratio?
(SNR)?[122].?During?the?acquisition,?the?presence?of?the?depletion?beam?in?addition?to?the?excitation?lowers?the?photon?budget?and?
therefore?the?precision?of?the?z?localization.?Consequently,?to?evaluate?the?accuracy?of?the?axial?localization?in?our?system,?immobi?
lized? single?NDs? are? illuminated?with? focused? excitation? and? depletion? beams,? and? the? z?localization?measurement? is? repeated?
several?times.?The?standard?deviations?of?the?measured?rotational?angle?over?100?successive?measurements?are?displayed? in?the?
table?in?Figure?3?15?(c)?and?do?not?exceed?20nm.?It?can?be?observed,?that?even?if?more?light?is?concentrated?at?the?focus,?the?meas?

















? ???????? ?????????? ??????
In?order?to?generate?a?three?dimensional?sample?with?fluorescent?nanodiamonds,?we?incorporate?them?in?PDMS?and?spincoat?the?
solution? to? the?desired? thickness.?After?curing,?we? image? them?with? the?DH?STED?method.?Figure?3?16?demonstrates? the?gain?of?






DH? lobes?positions.?The? result? is?presented? in?Figure?3?16? (d),?a?colormap?encodes? for? the?axial?position.?The?depth?positions?of?






























ously? illuminating? the? sample.?As?we?detailed?previously,? it?means? that? the?excitation?and? the?depletion?process?are? competing?
constantly?and?it?implies?that?the?depletion?beam?power?has?to?be?high?enough?for?the?fluorescence?quenching?to?be?effective.?A?
more? complex?but?more?efficient?version?of?STED?microscopy? consists? in?using?pulsed? laser.? In? this? case,? the?depletion?pulse? is?
launched?immediately?after?the?excitation?pulse?so?that?the?two?processes?do?not?compete?and?the?depletion?is?more?efficient.?A?














































In?order?to? limit?the?photobleaching,?we?used?the?equipment?available? in?the? lab?to?create?a?pulsed?STED?setup.?As? illustrated? in?



























Figure?3?20?Photobleaching? induced?by?depletion?beam.?(a)? Images?of?three?fluorescent?beads?represented?with?the?same? intensity?scaling.?From?



















beams?are?switched?on?during? the?acquisition.?Within? the?exposure? time?used? to? take? the?picture? (100?ms),? the?photobleaching?
does?not?affect?significantly?the?fluorescence?level.?In?consequence,?the?localization?accuracy?is?comparable?with?the?one?obtained?

















(c)? indicates?the? lateral?position?of?each?bead?on?the?STED?resolved? image?where?beams?are?focused?for?DH?readout?as?shown? in?
Figure?3?22?(d).?This?position? is?determined?by?centroid? localization?onto?each?spot?after?deconvolution?with?the?Richardson?Lucy?
Matlab?function?with?a?95nm?FWHM?Lorentzian?PSF?for?better?bead?discrimination.?Thanks?to?the?superior?DH?precision,?the?sample?








reveals? five? individual?beads? (c)?Deconvolved?STED?with?numbered?cursors?on? the?bead? locations?and? (d)? corresponding?DH? images? recorded?at?







relies?on? the? fact? that,? STED? lateral? confinement?and? confocal? sectioning?are? sufficient? to? isolate?every? single?emitter.? In?other?
words,? if? the?sample? is?so?highly?concentrated?such? that? two?separate? fluorescence?sources?strictly?overlap? transversely?and?are?
closer?than?confocal?axial?resolution?in?depth,?they?cannot?be?directly?resolved?within?a?single?scan.?In?such?case,?multi?scan?acquisi?
tion?have?demonstrated?good?results?with?resolution? improvement? in?every?dimension? ?[102],?but?at?the?cost?of?more?phototoxic?
effect.?However,?recent?work?has?demonstrated?progress?towards?resolving?overlapping?PSFs?through?further?data?post?processing?
via?a?PSF?fitting?algorithm??[132].?Additional?work?addressing?this?limitation?to?resolve?a?cluster?of?overlapping?emitters?with?a?high?







optimize? the? image.?Moreover,? thanks? the?placement?of?an?SLM? in? the? imaging?path,?any? type?of?Fourier? filtering?can?be?envis?
aged?[133].?In?particular,?the?importance?of?wide?field?imaging?and?a?phase?contrast?mode?in?addition?to?STED,?for?overall?context?
understanding?of?transparent?samples,?has?been?recently?highlighted?[134].?As?demonstrated?in?the?Figure?3?23,?the?SLM?can?allow?

















performance?are?now?matching? the? required?performance? in? term?of? frame? rate? (a?camera?capable?of?104fps? for?500x500?pixel2?
images?was?recently?acquired?in?the?lab)?but?not?yet?in?term?of?sensitivity?(also?some?loss?of?collection?is?due?to?the?DH?phase?mask?
itself).?Otherwise,? the?use?of?a?sensitive?multiple?point?detector,? like?an?APD?array? (installed?recently? in? the? latest?Airyscan?Zeiss?
commercial?microscope),?as?a?single?sensor?would?allow?a?decrease?in?the?time?the?laser?beams?dwell?on?a?single?emitter?by?several?
orders?of?magnitude? (typical?dwell? time? for?STED? is?10us?1ms?compared?with?ms?camera?exposure).?This?could?dramatically?de?
crease?acquisition?time?and?improve?fluorescence?degradation?by?photobleaching?and?allow?fast?multiple?3D?imaging?with?DH?STED.??
In?a?more?general?perspective,?during? the? time?of? this? thesis?numerous?publications?have? involved?camera?detector? in? scanning?
microscopy?[104–107]?and?the?continuous? improvement?of?the?fluorescent?dyes?and?camera?sensor?make?those?techniques?more?
and?more?attractive.?Finally,?as?we?already?mentioned?in?section?2.6,?recent?advances?in?STED?microscopy?have?been?obtained?with?









The?method?combines? the?advantages?of?STED?and?DH? localization,?a? large?depth?of? field,? fast?acquisition? time,?and?nanometric?
accuracy?in?three?dimensions.?We?demonstrated?here?the?feasibility?of?the?method?with?nonbleaching?emitters?and?discussed?the?

















conventional? scanning?microscope).?However,? experimentally,? a?pinhole? size?below?one?Airy?unit? is? rarely?used? in? fluorescence?
microscopy?because?of?the? limited?signal?strength.?Now,? if?the?pinhole? is?replaced?by?a?camera,?each?pixel?of?the?camera?can?be?
used?as?a?very?small?pinhole.?Then,?it?is?possible?to?recombine?the?information?contained?in?each?pixel?of?the?array?to?obtain?high?




























collected? is?2kc.?Thereby,?the?diffraction? limit? is? increased?by?a?factor?of?2.?A? larger? increase? in?resolution? is?possible? if?the?object?










image),?extended?by?one? times? the? cut?off? frequency? (linear?SIM? image)?or?extended?by? two? times? the?cut?off? frequency? (non?linear?SIM).?As?a?
consequence,?the?grid?on?the?sample?is?observed?in?the?nonlinear?SIM?image?demonstrating?the?bandwidth?extension.?
To?be?self?consistent,?we? recall?here? the?basic?equations?of?SIM?[32,138].?All? the? formulas?are?based?on?1D?case?without? loss?of?
generality.?We?consider?a?microscope?with?an?excitation?PSF?(PSFexc)?and?a?collection?PSF?(PSFdet)?with?the?same?cut?off?frequency?




??????? ? ??? ??? ??? ???? ???? ? ?????????? ? ? ?? ???????? ??? ? ?x r x? ? ?? ? Equation?4?1?
?
Where?x?stands?for?the?coordinates?in?the?camera?plane?and?r?in?the?sample?plane.?In?Fourier?space?it?is?equivalent?to:?
?? ?? ???? ? ? ? ? ? ? ?camera WF excI k I k S k OTF k? ?? ? ?? Equation?4?2?
?
Where?k? the? spatial? frequency.? In? conventional?WF?SIM,? the? illumination?pattern? is?a? sinusoid? created?by? the? interference?of?2?
beams:?
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deconvolution? (especially? iterative? like?Richardson? Lucy),?we?use? this? simple? reconstruction? in? all? the?experiments? in?which? the?
influence?on?the?resolution?enhancement? is?well?defined.?As?the?sinusoidal?pattern?results? in?the?shift? in?one?direction,?the?same?
process?is?repeated?with?different?orientation?to?obtain?isotropic?resolution?enhancement.?
In?the?nonlinear?case?the?sinusoidal?excitation?includes?some?harmonics?given?by?fluorescence?saturation:?
???? ???? ???? ???? ?? ???? ?? ????? ?? ????? ?????c c c c? ? ? ? ? ? ? ? ?? ? ? ?? ? Equation?4?6?
?
Where???and???are?constant?coefficients?that?depend?of?the?nonlinearity.?So?the?Equation?4?4?becomes:?
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ning?microscope,? the? signal?collected? for?each? scanning?position? is? integrated?on?a?detector,? losing? the? spatial? information.?This?
information?loss?is?illustrated?in?Figure?4?2.?If?a?grating?of?a?spatial?frequency?above?the?cutoff?frequency?of?the?objective?is?imaged?
(Figure?4?2?(a)),?both?the?scanned?and?the?wide?field?images?are?flat:?no?information?about?the?sample?is?collected.?Now,?during?the?

































PSF,? i.e.?how? large? the?equivalent?OTF? is.?Therefore,? in?order? to?obtain? the?best? focus?quality,? the?beam? is?spatially? filtered?and?
expanded?to?largely?overfill?the?microscope?objective?(60X?Newport).?The?beam?is?reflected?on?a?beam?splitter?(Lasermux?514?543?
Semrock)?and?the?fluorescence?is?collected?in?reflection?through?a?fluorescence?filter?(670/30ET?Chroma).?The?sample?is?moved?with?

























???? ? ? ??? ? ??? ???? ? ??? ? ? ?r exc r d r d dscan x r - x - x r - x x S r drdx? ??? ? Equation?4?10?
?
Leading?to?an?effective?optical?transfer?function?[109,137,139]:?
???? ? ???? ? ???? ?eff excOTF k OTF k OTF k? ? ?? Equation?4?11?
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negative,?and? the? zero?order?can?be? removed? improving? the?out?of? focus? light? rejection?[140].?Second,? the?constant? factors?OT?
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Figure?4?5? (b).?Digital?spatial?modulation?SIM,?shown? in?Figure?4?5? (c)?and?pixel?reassignment?method,? in?Figure?4?5? (d),?are?also?
demonstrated?using?the?same?set?of?data.?As?indicated?in?Figure?4?5?(e),?the?three?methods?enhanced?the?lateral?resolution?nearly?
identically?by?a?factor?of?1.75.?To?obtain?comparable?resolution?improvement?in?Figure?4?5?(d),?Fourier?reweighting?is?applied?on?the?

































(b).?The? inset? shows?a? close?up?of? the?profiles? for? spatial? frequencies?above?0.8?kc?highlighting? the?higher? frequency? content? introduced?by? the?











































In?the?non?linear?case,?a?constant?high?power? is?used?for?the?excitation?beam? in?order?to?obtain?a?non?linear?response? in?fluores?
cence?from?the?sample.?It?results?in?an?equivalent?non?linear?excitation?PSF?that?retains?higher?spatial?frequencies?up?to?kmax{exc,NL}?
>>?kc?(Figure?4?6(e)).?Consequently?the?maximum?frequency?that?can?be?collected?through?the?objective?(kmax{sample})?is?given?by:?
?max{sample} max{exc,NL} ck k k? ?? Equation?4?19?
?
So?the?maximum?gain? in?resolution? is?more?than?2?fold.?As?the?modulation? is?produced? in?the?digital?domain,?we?can?generate?a?
pattern?with?all?the?desired?frequencies.?We?chose?it?to?be:?
? ??? ? ? ??? ???? ? ? ????? ? ??mod modt k t k t ?? Equation?4?20?
?
In?order?to?isolate?the?frequency?of?interest?from?saturated?OTF?we?use?the?temporal?modulation?reconstruction.?Thus,?the?modula?
tion? filters?out? the?Fourier? transform?of? the?sample?shifted?by? the?±kmod?and?±2kmod?components?of? the?excitation?OTF.?By?plug?
ging?Equation?4?20?into?Equation?4?16?we?obtain:?
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This?equation? is?equivalent?to?Equation?4?7? in?nonlinear?WF?SIM.?So,?sample? frequencies?up?to?3kc?can?be?extracted?and?used?to?
recompose?a?super?resolved? image?(if?kmax{exc,NL}?>?2kc).?The?number?of?modulation?phase?shifts?necessary?to?recompose?the?final?




We?explained?above? that? the?structured?detection?method? relies?on? the? fact? that?PSFexc?and?PSFdet?are? the?same? (Equation?4?14?
equivalent?to?Equation?4?4?only?if?OTFexc?and?OTFdet).?This?approximation?does?not?hold?in?the?non?linear?case,?so?structured?detec?
tion?cannot?be?used.?For?the?pixel?reassignment?technique,?the?fact?that?PSFexc?and?PSFdet?do?not?have?the?same?frequency?content?
can?be?taken? into?account?by?adapting?the?magnification?factor?applied?to?the? image?during?the?post?processing? ?[139].?However,?
the? technique? relies?on? the? fact? that?PSFexc?and?PSFdet?are?scaled?version?of?each?other,?which? is?not? the?case?with? fluorescence?
saturation.?So?only?the?temporal?modulation?allows?to?filter?out?spectral?components?of?interest?from?the?excitation?OTF?irrespec?
tively?of? its?shape.? Intuitively,?this? is?true?because?the?temporal?modulation?happens?before?the?objective,?thus? it?modulates?the?
signal?before? it? is?collected?by?the? imaging?system.?To? illustrate?the? fact?that?the?temporal?modulation?makes?the?reconstruction?
insensitive?in?shape?we?ran?a?simulation?of?the?reconstruction?both?with?a?standard?focus?and?with?a?cross?shaped?beam?with?the?













ment?can?be?applied.? Indeed,?any?excitation?PSF?shape?can?be?used?but? it?needs?to?remain?constant?during?the?scan.?Now,? if?the?
beam?is?physically?modulated?temporally,?it?means?that?the?level?of?saturation?and?thus?the?excitation?PSF?shape?changes?with?time?











microscopy.? As? described? by? Gustafsson,? the? achievable? resolution? is? then? theoretically? infinite.? As? the? saturation? is? a? non?
polynomial?transition,?it?makes?the?saturated?OTF?infinitely?large?and?the?higher?are?the?frequencies?used?in?the?reconstruction?the?
better?is?the?resolution.?This?is?illustrated?in?Figure?4?8,?which?shows?the?simulation?of?the?reconstruction?with?saturated?OTF?fre?


















images?on? the? red?dashed?area? in? (a?c),?showing? that? two? fluorescent?NDs?separated?by?300?nm?are? resolved.? (f)?The? intensity?profile?along? the?
yellow?dashed?line?proves?they?are?resolved.?
Figure?4?9? illustrates? the? resolution? improvement?with?CNS?microscopy.?Conventional?point?scanning?structured? illumination? im?
proved?the?resolution?by?a?factor?1.75,?while?the?profile?in?Figure?4?9?(d)?shows?a?195?nm?FWHM.?This?corresponds?to?an?improve?
ment?of?2.6? fold? for? the? saturated? image?versus? linear?wide? field.?Figure?4?9? (e)? shows? the? region?of? the? sample?highlighted?by?
dashed?red?squares? (in? the? images?Figure?4?9? (a?c))?and? the?corresponding?profiles:? the?saturation?of?nanodiamond? fluorescence?
allows?for?the? inclusion?of?higher?spatial?frequencies? in?the?computational?reconstruction,?and?reveals?the?presence?of?two?nano?
crystals?that?could?not?be?separated?with?conventional?structured?illumination.?Hence,?simply?by?increasing?the?laser?power?of?the?
scanning?microscope?we?were?able? to?demonstrate,? for? the? first? time? in?our?knowledge,?an? improvement? in? the? resolution?by?a?
factor?superior?to?2?with?post?detection?digital?signal?processing.?



















To?understand?this,?we?note?that?while?the? information? is?transferred?through?a?microscope,?the?high?frequencies? into?the?band?





son,?WF?SIM? shows?a?better?SNR?performance? than? the?point? scanning? technique.?This?SNR?deterioration? induced?by? the?point?
scanning? illumination?becomes?dramatic? for? the?higher?orders? in? the?nonlinear? implementation.?The? comparison?of? the? Fourier?















process?to?be?the?same? for?both?cases.?Comparison?of?Figure?4?11? (g)?and?Figure?4?11? (d)?shows?that?better? image?quality? is?ob?
tained?with?WF?SIM.?The?high?frequency?components?contained?in?the?excitation?beam?used?to?retrieve?the?high?frequencies?from?
the?object,? represent?a?very?small?portion?of? the?energy?contained? in? the?beam.?As?a? result,? the?signal? that?accumulates?on? the?
detector?contains?a?strong?low?frequency?component?(and?corresponding?strong?shot?noise)?whereas?the?higher?frequency?compo?


















fluorescence?quantum?yield? respectively? to? the?one? for?which?point? scanning? linear? reconstruction? is? successful.? (a)?The? two? first? rows? simulate?
imaging?with?linear?SIM.?It?can?be?seen?that?for?the?same?peak?excitation?intensity?(i.e.?with?a?lower?excitation?dose?for?the?WF),?the?point?scanning?
technique?gives?slightly?better?results.?The?same?reconstruction?is?achieved?with?WF?SIM?with?10?times?more?photons.?(b)?The?third?and?fourth?rows?

























struction?and?the?resolution?dramatically?deteriorates.? Intuitively,? it?means?that?the?main? information?about?the?spatial?profile?of?
the?focus?spot?resides?in?its?central?lobe,?i.e.?the?tail?of?the?focus?profile?does?not?provide?much?information?about?the?interaction?
between?the?excitation?pattern?and?the?sample.?Interestingly?the?curves?are?similar?in?the?linear?and?nonlinear?cases,?which?can?also?














spot? contains?all? the? spatial? frequencies? it?does?not? require?additional?acquisition.?Hence,? it? is?possible? to? include? intermediate?
frequencies?in?the?reconstruction?to?obtain?depth?sectioning?(without?any?kx?components?owing?to?the?digital?nature?of?our?modula?
tion).?However?this?type?of?post?processing?relies?again?on?SNR?considerations?so?will?not?be?applicable?as?deep?as?confocal?[148].??



















Figure?4?14?Alternative? illumination?patterns? for?CNS?microscopy.? (a?c)?The?equivalent? (saturated)?excitation?beam? in? the? insets?and? their?corre?




In?order? to?quantify? the? improvement?brought?by? the?Bessel?beam?and? the?hexagonal?pattern? illuminations? compared?with? the?
focused?spot,?we?perform?the?same?simulation?as? in?Figure?4?12?for?each?pattern.? In?this?case?we?also?used?a?peak? intensity?of?2?
MW/cm2?as?excitation?and?the?results?for?the?second?order?nonlinear?imaging?are?displayed?in?Figure?4?15.?For?the?reconstruction?
with?the?third?harmonics? (second?order?nonlinear)? it?can?be?seen?that?similar?quality? is?obtained?with? the?modified? illuminations?





















the?experimental?Bessel?PSF.?The?residual? light? in?the?dark?rings?of?the?Bessel?profile? leads?to?spread?of?the?energy? in?the?whole?














pared?with? the? factor?1.75?obtain?with? the? standard? focus? in?Figure?4?17(b)?and?Figure?4?5).?The?Bessel?beam? concentrates? the?
excitation?light?exactly?into?the?cut?off?frequency,?in?consequence?the?signal?is?strong?enough?to?be?extracted?exactly?at?the?cut?off?





























































??????? ? ??????????????????????????????? ??????????
As?the?whole?method?is?based?on?post?processing,?it?is?always?interesting?to?obtain?an?all?optical?verification?of?the?images?obtained?
with? the?method.?As?we?built?a?STED?microscope? to? illustrate? the?possibility? to?apply?CNS? reconstruction?with?different? type?of?
nonlinearity?we? can? compare? the? images?obtained?with? linear?digital?point? scanning? structured? illumination?and?with?STED.?We?
chose?the?depletion?power?to?reach?a?gain?in?resolution?by?a?factor?2?with?the?STED?microscope,?so?that?it?is?easy?to?verify?that?the?
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???????? ?????????? ??? ?????????? ?????????????
????????????
In? the?previous?chapters,?we?explained? that?nonlinear? sample?photoresponse? is?a? fundamental? requirement? for? superresolution?
optical? imaging?methods.?We?presented? three?different? techniques? (STED,?DH?STED? and?CNS)?based?on? saturation?mechanisms?



























higher? in?MMF?and?the?resolution?at?the?bundle?output? is?poorer?compared?with?MMF.?The?resolution?can?be? increased?with?an?
additional? imaging?system? ?[161],?but?at? the?cost?of?a? limited? field?of?view? (or?a?bigger?bundle).?Alternatively,? fiber?based?endo?




niques.?This? is?obviously?a?desired?feature?to?reduce?the?damage?caused?by?the?endoscope,?especially?when? it? is?used? in?medical?
application.?Once?embedded?into?a?needle,?high?resolution?images?have?been?recorded?with?460??m?large?MMF?endoscope?[163].?











image?contrast.?Fiber?based?endoscopic?sectioning?has?been?demonstrated?by?using? fiber?bundles?but? is?not?available? in?conven?
tional?scanning? imaging?used?with?MMF.?More?precisely,?sectioning?by?multiphoton? imaging?has?been?obtained?using? fiber?bun?






















mode?mixing?and? leads?to?a?random?distribution?of?the? light? in?between?the?supported?modes?at?the?output?of?the? fiber? (Figure?
5?2(b)).?Because?of?the?large?number?of?propagation?modes,?the?MMF?effect?resembles?a?lot?to?the?wavefront?distortion?induced?by?















the? literature.?A? spot?of? light?can?be?obtained?with?optimization?algorithms.?By? iteratively?changing? the?value?of?each?pixel?of?a?
phase?modulator,?modulating? the? input?wavefront,? the? value? that?maximizes? the? intensity? of? the? output? spot? can? be? deter?


















?? ? ?? ?
Equation?5?1
If? we? consider? a? monochromatic? optical? wave,? with? a? complex? amplitude? A,? a? wave?vector? k? and? an? angular? frequency? ?,
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? Equation?5?2?
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? ? ? ? ?I o r r o o r r o? ? ? ? ? ? ? Equation?5?5














? ? ? ? ? ??? ??? ??? ? ? ?? ? ?? ? ? ??? ? ? ? ?? ? ? ? ? ? ?? ? ? ? j x yreconsW I r o E TF W I r o e ?? ? ?? ? ? ? ? ? ? ?? ?? ?? ? Equation?5?7
At?this?step,?the?reconstructed?field?amplitude?is?proportional?to?the?object?amplitude?and?the?phase?is?the?phase?of?the?object?in?
addition?to?a?grating?phase?induced?by?the?off?axis?configuration.?In?order?to?apply?phase?conjugation?we?need?to?recover?the?initial?
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The? final?reconstructed? field? is?then?proportional?to? the? initial?object? field,?the?complex?conjugate?to?create?a?phase?conjugation?
mirror?can?be?directly?calculated.?This?digital?shift?procedure? is?analogous? to? the?read?out?step?by? the?reference?beam? in?optical?
holography,?except?that?the?first?diffraction?order?is?already?isolated.?
In?order?to?obtain?a?good?quality?reconstruction,?a?few?practical?criteria?must?be?fulfilled.?We? list?them?briefly?here.?First,?the?nu?
merical?aperture?of? the?4f? imaging?system? (Figure?5?4)? is?chosen?with?a?higher?NA? than? the?MMF? in?order?not? to? lose?any? infor?
mation?about?the?fiber?output?speckle?field?distribution.?The?imaging?system?magnification?and?the?sensor?are?chosen?so?that?the?
entire?fiber?is?imaged?onto?the?sensor?and?the?pixel?size?allows?for?the?sufficient?sampling?of?the?speckle?pattern.?Finally,?the?angle?
of?reference? is?taken?to?be? large?enough?so?that?the?+1?diffraction?order?can?be?completely?separated? in?the?Fourier?domain?and?
small?enough?so?that?the?interference?pattern?is?sampled?correctly?by?the?CCD.?
The?Figure?5?5?shows?the?experimental?implementation?of?the?reconstruction?of?the?fiber?output?field.?The?hologram?resulting?from?






















Figure?5?6?Optical? setup? for? focus?generation? through? fiber?by?phase? conjugation.?The?procedure? requires? successive? two? steps,? the? calibration?
(learning? step,? red?arrows)?and? the?phase?conjugation? step? (projection? step,?purple?arrows).?First? step:?Light? is? focused?on? the? fiber? facet?by?an?




































































Figure?5?9? (c),?the?beads?spaced?a?few?microns?apart?are?resolved.? In?Figure?5?9? (d),?the?structure?of?the?cluster?of?beads?can?be?
distinguished?but?the?individual?spheres?are?not?resolved.?It?indicates?a?resolution?slightly?above?one?micron?(below?1??m?has?been?
demonstrated?with?higher?NA?fiber?[35]).?For?endoscopic?imaging?it?is?very?high?resolution??[162],?it?could?lead?to?image?many?cellu?
















reflected?and?remain?guided? into?the?fiber,?while?all?the?rays?below?the?critical?angle? leak?out?and?are?not?guided.?Thus,? it?can?be?
shown?(Appendix?F)?that?the?maximum?angle?at?the?output?of?the?fiber?i.e.?the?numerical?aperture?of?the?fiber?is:?
? ?
core claddingNA n n? ? ? Equation?5?9
In?consequence,? the?sharper? focus? that?we?will?be?able? to?generate?at? the?output?of? the? fiber?will?be?composed?with? the?higher?
angle?rays?and?as?for?a?microscope?(Equation?2?3)?the?imaging?resolution?at?the?fiber?output?will?be:?
??? ? ? ????FWHM
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Equation?5?11



































reason,? techniques? based? on? structured? illumination? like? CNS? are? forbidden.?On? the? contrary,? STED?microscopy? is? theoretically?
compatible?with?imaging?through?MMF?by?phase?conjugation.?Indeed,?phase?conjugation?allows?for?the?reconstruction?of?the?exci?
tation?field,?independently?of?its?shape.?So?it?is?possible,?as?illustrated?in?Figure?5?11?(b)?to?generate?a?donut?shaped?beam?through?

























nomenon? is?known?as?saturable?absorption.?It?results? in?the?saturation?of?the?emitted?fluorescence?signal?when?the?excitation? in?
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Equation?5?13
The?saturated?signal? is?a?non?polynomial? transition,?meaning? that? it?can?be?approximated?by?a?Taylor?expansion?with?an? infinite?
number?of?term?(Equation?5?13),?so?it?has?the?potential?for?theoretical?infinite?gain?in?resolution?(section?2.2).?In?CNS?microscopy?or?
in?SIM?the?non?linear?signal?is?extracted?by?analyzing?the?change?in?the?spatial?shape?of?the?reemitted?signal?compared?to?the?exci?
tation?pattern.? In?SAX?microscopy,?the? idea? is?to?extract?the?nonlinear? fluorescence?response? in?the?temporal?domain.?To?under?





of? the?excitation? intensity,? leading? to? improved? resolution? (Figure?5?12? (c)).?This? idea?has?been?proposed?and?demonstrated?by?





Figure?5?12?Underlying?principle?of?SAX?microscopy.(a)?The?excitation? is?a?diffraction? limited?focus,?so?for?one?scanning?position,?depending?on? its?
localization?compared?to?the?center?of?the?excitation?focus?a?fluorophore?is?not?excited?with?the?same?intensity.?(b)?When?the?excitation?intensity?is?




Instead,?SAX?microscopy? is?based?on?time?modulated? incident? light?and?harmonic?demodulation?[173,181].? Indeed,?the?excitation?
intensity?is?modulated?sinusoidally?in?time:?





























of? the?PSF?because?of?saturation.?Second,? the?nonlinear?demodulated?harmonic?signals?are?weak?compared? to? the? fundamental?
signal?and?get?weaker?for?the?higher?harmonics.?That’s?why?using?modulated?saturated?excitation?with?harmonic?demodulation? is?
practically?very?important?for?a?successful?detection?of?the?nonlinear?signal.?Indeed,?this?detection?method?is?equivalent?to?lock?in?
amplification.?The?noise? tends? to?be?spread?over?a?wider?spectrum? than? the?weak?narrow?band?signal.?So?after? integration?over?
several?periods,? the?narrow?band?harmonic?becomes?visible? in? the? frequency?domain.?Thus,? the? signal? that?was?buried? into? the?
noise?with?a?single?characterization?curve,?like?in?Figure?5?13?can?now?be?recovered.?
For? the?experiment?we?will?use?about?50?kW/cm2? intensity? to?collect? the? second?harmonic?and?about?200?kW/cm2? for? the? third?
















































Figure?5?15?Theoretical?resolution? improvement? in?SAX?microscopy?for?a?0.39NA?and?532nm?excitation? light.The? linear?3D?PSF?shape? is?calculated?
following? the?numerical?approximation?proposed? in?[41]?p488.?The? second?harmonic?and? third?harmonic?demodulation?PSFs?are?deduced?using?
Equation?5?14?(c)?The?excitation?PSF?of?a?scanning?microscope?in?the?(x,z)?plane?with?z?the?propagation?axis?at?different?demodulation?frequencies.?
The? fm?demodulation? is? the? linear?PSF?and? the?2fm?and?3fm?are? the?PSF?with? second?harmonic?and? third?harmonic?demodulation.? (a)?The? lateral?
profile?(x?direction)?along?the?white?dotted?line?axis.?(b)?The?axial?profile?(z?direction)?along?the?white?dotted?line?axis.?
SAX?microscopy?have?some?advantages?compared?to?multiphoton?microscopy.?For?instance?it?does?not?require?any?specific?sample,?






















? ??? ? ? ? ? ?c o n f e x cP S F r z P S F r z? Equation?5?17
As?opposed?to?confocal?microscopy,?as?we?underlined?in?the?introduction?of?section?5.2.2,?the?imaging?through?the?fiber?is?a?purely?
scanning? image.?All? the? fluorescence?collected? is? integrated?on? the?point?detector? (with?a?constant?collection?efficiency),?as? if?D?
would?be?infinitely?large:?
? ? ? ? ? ?fiber excPSF r z PSF r z? ? Equation?5?18
If?we?consider?the?range?of?intensity?where?the?second?harmonic?demodulated?signal?is?proportional?to?excitation?intensity?squared?
(Equation?5?15),?we?have:?
? ???? ? ? ? ? ? ? ? ? ? ? ? ?mf ib e r f e x c c o n fP S F r z P S F r z P S F r z? ? Equation?5?19





? ? ???????????? ????????????????????????????
Conventional?scanning?fluorescence? imaging?through?MMF?has?no?optical?sectioning?capability?which?can?cause?dramatic?blurring?
of?the?signal?when?imaging?thick?sample.?That’s?why?confocal?microscopy?and?two?photon?microscopy?are?popular?methods,?com?
pared? to?wide? field?microscope? for?deep? imaging.?SAX?microscopy? in?a?similar?way? than? two?photon?microscopy? (the?saturation?







? ? ? ? ?thin layer excrI z PSF r z dr
?
?? ? ? Equation?5?20
Figure?5?17?(a)?shows?Ithin,layer?curves?for?different?imaging?cases.?In?the?linear?case?(fm?curve?in?Figure?5?17),?because?of?energy?con?
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Equation?5?21
Figure?5?17?(b)?displays?the?calculated?edge?response?(Iedge)?for?the?same?imaging?situation?considered?for?the?plane.?In?the?first?case?






























monics? frequency.?To?do?so,?we?calibrated? the?acousto?optic?modulator?response?and?drove? it?with?a?radio? frequency?generator?
able?to?envelop?the?80?MHz?sound?wave?with?an?arbitrary?kHz?modulation?(AFG?3102C,?Tektronix).?A?substantial? intensity?(about?

















single?nanodiamond?(with?a?diameter?much?smaller?than?the?diffraction? limit?of?the?imaging?system).?Scale?bars?are?1?m.? ?(a)?Linear? image? in?the?
focal?plane?obtained?by?demodulation?at?the?modulation?frequency.?(b)?Image?with?second?harmonic?demodulation?(c)?Image?with?third?harmonic?
demodulation.?(d)?The? intensity?profiles?along?the? images?(a),?(b)?and?(c).?The?effective?point?spread?function?FWHM,?decreases?as?we?use?higher?
harmonics? for?demodulation.?The?gain? in? resolution? is?measured? to?be?about?1.6? times? for? the? third?harmonic?demodulation?compared?with? the?
fundamental?frequency.?Each?point?on?the?plot?is?the?average?over?5?measurements?obtained?with?different?nanodiamonds,?the?error?bars?repre?
































In?Figure?5?21,? the? fluorescent?nanodiamonds?were?observed?at?200?kW/cm2?and?by?extracting? the? third?harmonic? component.?
















As?we?detailed? in? the? section?5.2.2.3,?SAX?can?also?achieve? suppression?of?out?of?focus? light? in?a? similar?manner?as? two?photon?





























beginning?of? the?curve?are? respectively?1,?2?and?3? (in? logarithmic?scale),? illustrating? the?nonlinear? fluorescence? response? that? results? in?a?gain? in?
resolution.?The?noise? level? is?taken?as?the?average?of?the?signal? in?all?the?frequencies?but?the?harmonics?and?represented?by?the?yellow?curve.?Its?
slope?of?0.5?is?characteristic?of?Poisson?noise?(shot?noise).?
We?have?demonstrated?that?saturated?excitation? in?MMF?scanning?fluorescence?microscopy?can? lead?to?resolution? increase? in?all?
three?dimensions.?We?measured?an?improvement?in?resolution?by?a?factor?of?1.6,?which?is?close?to?the?theoretical?factor?of?resolu?









sample,? the?photobleaching? is? the?absolute? limitation?on? the?available?resolution.?The?modulation? frequency?and? the?dwell? time?





























high? lateral?resolution.?We?used?saturated?excitation,?as? in?CNS?microscopy,?but?with?time?modulated? illumination?and?harmonic?
























among? the? fiber? surface?and? the? limited? scanning? speed.?The?phase? conjugation?has?been? shown? to?be? stable?over? time?[163].?
Therefore,? in?a?real?endoscope?based?on?phase?conjugation? through?a?MMF,? it?should?be?possible? to?compensate? for? the?power?
variation?for?each?scanning?position.?As?for?the?scanning?speed,?it?is?limited?by?the?phase?modulating?element.?To?achieve?millisec?


















green?nanodiamonds? for?cellular? labelling.?Here?we?obtained?mixed? results.?On?one?hand,?green?NDs?are?very?promising?as?bio?
labels.?Indeed,?we?did?not?characterize?the?phototoxicity?rigorously?but?visual?observations?seem?to?indicate?that?they?are?not?toxic?
for?in?vitro?experiments?(in?good?agreement?with?previous?report,?on?a?time?scale?of?few?hours).?They?are?also?perfectly?photosta?
ble,?even?under?high?power?depletion?beam? illumination?which? is?the?major?advantage?compared?with?traditional? fluorescent? la?
bels.?On?the?other?hand,?the?long?life?time?and?the?limited?number?of?defects?result?in?a?limited?brightness.?It?is?not?a?problem?with?
well? controlled?environments?with?no? surrounding?autofluorescence?however? in?a? cell?medium? the?brightness? clearly? limits? the?
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enhanced?with?a?pixelated?detector.?We?built?a?scanning?microscope?equipped?with?a?camera?detector?capable?of?recording?a?com?
plete?dataset?with?a?2D? image?for?each?scanning?position.?Thanks?to?this? implementation,?we?reproduced?all?the?published?point?






resolution?by?a? factor?of?2.6.?We?also? found? that? the? shape? (and? the?corresponding? spectrum)?of? the?excitation? focus? results? in?
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The?Debye?approximation? is?valid? for? large?angle?but?not? the?paraxial?approximation.? In? consequence,? the?analytical?expression?
Equation?App?1?and?Equation?App?2,?has?been?shown?to?give?very?accurate?estimation?only?for?NA?below?0.7?[191].?Above?this?val?






For?high?NA?objectives? this?has?a? strong? influence?on? the? final? focal?distribution?[191].?For? instance,? incident? linear?polarization?
results? in?broader?orthogonal?component?and? incident? radial?polarization? results? in? sharper? longitudinal? focus? in?high?NA?objec?
tives?[192].??







Fluorescence?saturation? is?used? in?Chapter?3,?Chapter?4?and?Chapter?5? in?order?to?enhance?the?resolution?of?the? imaging?system.?
We? derive? here? in? detail? the? fluorescence? response? of? a? typical? fluorophore? under? high? excitation? for? CW? and? pulsed? excita?
tion?[193,194].?
We?consider?a? two?state?model?of?a? fluorescent?molecule? (Figure_app?1(a)),?with?a?ground?state?S0?and?an?excited?state?S1? (we?
neglect?other?transitions? like?the? formation?of?Triplet?state).?Under? laser? illumination?the?molecule?absorbs?some?photons?and? is?
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The? fluorescence? intensity? is?proportional? to? the?number?of?excited? fluorophore,? so?we?calculate? the?average?probability?of? the?
fluorophore?to?be?in?the?excited?state?during?the?laser?cycle:??
? ??
? ?? ? ??repT
rep
S S t dt
T
? ?? ? Equation?App?13??
Which?leads?to?the?fluorescence?intensity?(with?a?quantum?yield?equal?to?1):?
? ?? ?? ? ?
?
? ? ? ?
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? ? ? ? ? ? ? ?
? ? ?? ?
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Equation?App?17?
?
Where?S0*?and?S1?stand?for?the?probability?of?finding?the?molecules?in?the?respective?states.?Because? vib STEDk k?? the?equilibrium?
of?the?S0*?population?is?quasi?immediate:?
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? ? ? ? ?? STEDvib STED STED
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Equation?App?19?
?


































? ? ? ? ?? ?
Equation?App?21?
?
As? in?Appendix?B,? the? fluorescence? intensity? is?proportional? to? the?number?of?excited? fluorophore,? so?we? calculate? the?average?
probability?of?the?fluorophore?to?be?in?the?excited?state?during?the?laser?cycle:?
? ?? ?? ??? ? ? ?? ? ? ??STED repSTEDTrepS S t dt S t dtT ? ?? ?? ? ? Equation?App?22??
And?the?corresponding?fluorescence?intensity?is:?
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is?not?depleted).???is?given?by?the?ratio? ? ? ? ???fl STED flI I? where? ?? ?flI is?the?fluorescence?intensity?in?the?absence?of?depletion?
beam.?
For?the?undisturbed?molecule,?we?have:?







? ?? ? ? Equation?App?24??
Therefore?the?suppression?factor?is:?
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? ?and? ?(with? ?the?STED?cross?section)STED STEDSTED STED peak STED STED STED STED STED
rep rep
P P I k I
T T
? ? ? ?? ? ? ? Equation?App?26??
Hence,? for?a? constant? laser? repetition? rate? the?average?power? scales? linearly?with? STED STEDk ? ?which? represents? the?number?of?
potential?STED?de?excitation?during?one?cycle.?Therefore,?to?estimate?the?depletion?process?efficiency?we?draw?the?spontaneous?





Figure_app? 5? Fluorescence? depletion? efficiency? dependence? on? the? depletion? width? for? a? constant? depletion? average? power









































???core c cladn n? ? ? Equation?App?28?
?
Where??c?is?the?critical?angle.?At?the?interface?air?core?we?have:?
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? ? ? ? ? ???fluo exc exc exc excI a I ab I ab I ab I? ? ? ? ? ? ?? ? Equation?App?39?
?
If?we?consider?a?modulation:?
?????? ??? ?? ???? ???excI I ?? ? ? Equation?App?40?
?
We?have:?
??? ??? ??? ???
? ? ? ?
??? ??? ??? ???
??? ??? ?? ? ???????? ???? ?? ? ????????
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? ? Equation?App?41??
Which?can?be?expanded?into:?
? ? ? ? ?
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What?must?be?understood? is? that? the?coefficient? that?can?be?used?depends?on? the? level?of?saturation.? Indeed,?as? the?saturation?
increases?more?terms?become?non?negligible,?only?the?last?term?of?the?expression?that?scales?with?a?single?power?of?the?excitation?
intensity?can?be?used.?Therefore,?experimentally?the?maximum?power?the?maximum?intensity?must?be?chosen?carefully,?to?obtain?
the?maximum?signal?at?the?targeted?order?while?keeping?the?single?power?dependency.?
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